Mamit-tRNA (http://mamit-tRNA.u-strasbg.fr), a database for mammalian mitochondrial genomes, has been developed for deciphering structural features of mammalian mitochondrial tRNAs and as a helpful tool in the frame of human diseases linked to point mutations in mitochondrial tRNA genes. To accommodate the rapid growing availability of fully sequenced mammalian mitochondrial genomes, Mamit-tRNA has implemented a relational database, and all annotated tRNA genes have been curated and aligned manually. System administrative tools have been integrated to improve efficiency and to allow real-time update (from GenBank Database at NCBI) of available mammalian mitochondrial genomes. More than 3000 tRNA gene sequences from 150 organisms are classified into 22 families according to the amino acid specificity as defined by the anticodon triplets and organized according to phylogeny. Each sequence is displayed linearly with color codes indicating secondary structural domains and can be converted into a printable two-dimensional (2D) cloverleaf structure. Consensus and typical 2D structures can be extracted for any combination of primary sequences within a given tRNA specificity on the basis of phylogenetic relationships or on the basis of structural peculiarities. Mamit-tRNA further displays static individual 2D structures of human mitochondrial tRNA genes with location of polymorphisms and pathology-related point mutations. The site offers also a table allowing for an easy conversion of human mitochondrial genome nucleotide numbering into conventional tRNA numbering. The database is expected to facilitate exploration of structure/function relationships of mitochondrial tRNAs and to assist clinicians in the frame of pathology-related mutation assignments.
INTRODUCTION
Transfer RNAs (tRNAs) are key actors in translation of the genetic information from mRNA into proteins. Several thousands of tRNA gene sequences are presently known (Sprinzl and Vassilenko 2005) , supporting the existence of precise common structural rules responsible for cloverleaf secondary folding and L-shaped tertiary architectures as recognized decades ago when the sequence of yeast tRNA Ala (Holley et al. 1965 ) and the crystallographic structure of yeast tRNA Phe (Robertus et al. 1974; Suddath et al. 1974 ) were solved (for review, see Rich and Schimmel 1977; Giegé et al. 1993; Dirheimer et al. 1995) . Size of structural domains, location of conserved or semi-conserved nucleotides, and tertiary interactions are of textbook knowledge for prokaryotic and archaeal tRNAs as well as for tRNAs from eukaryotic cytosols and from chloroplasts. Analysis of nucleotides not involved in folding within subgroups of tRNAs revealed sets of signals for particular tRNA functions such as recognition by aminoacyl-tRNA synthetases (Giegé et al. 1998; Beuning and Musier-Forsyth 1999) or recognition by post-transcriptional modification enzymes (Grosjean and Benne 1998) or other domain specific features (Marck and Grosjean 2002) . Interestingly, the situation for several mitochondrial tRNAs is different. Already at the time of sequencing the first complete mitochondrial genome, that of bovine (Anderson et al. 1981) , it appeared that, despite a cloverleaf-like secondary structure, the mitochondrial tRNAs markedly deviate from classical tRNAs. These unexpected features have been confirmed for mitochondrial tRNAs from other organisms (e.g., Wolstenholme et al. 1987) and especially from mammals. Compilation and comparison of tRNAs from 31 fully sequenced mammalian mitochondrial genomes within 22 groups (one per amino acid specificity, two for leucine, and two for serine according to the anticodon triplet) demonstrated that these tRNAs distinguish from classical tRNAs in regard of the size of D-and T-domains (especially loops) and the absence of expected conserved and semi-conserved nucleotides, leaving the understanding of three-dimensional (3D) folding of these tRNAs mainly open (Helm et al. 2000) , despite efforts in this direction (Steinberg et al. 1997) .
Thus, mammalian mitochondrial tRNAs are interesting molecules in the frame of RNA folding studies, RNA recognition rules, definition of tRNA identity elements for aminoacylation, and more generally toward understanding evolution of RNAs in these different fields, evolution of the translational machineries, and of mitochondria in general.
Further, mammalian mitochondrial tRNAs gained interest since a growing number of human disorders could be correlated to point mutations in mitochondrial tRNA genes. Since the first discovery of mutation A3243G in the gene for tRNA Leu(UUR) (Goto et al. 1990 ), about 130 pathology-related mutations have been reported (Brandon et al. 2005) . Genes of tRNA represent only 10% of the mitochondrial genome but contain about 50% of pathology-related mutations, highlighting the importance of these genes. Assignment of mutations as pathological (McFarland et al. 2004) as well as understanding the molecular mechanisms underlying the vast diversity of phenotypic expressions of point mutations are tackled by a variety of approaches (e.g., Florentz et al. 2003; Jacobs 2003; Wittenhagen and Kelley 2003; Shapira 2006) . All require basic knowledge on structure/function relationships of human mitochondrial tRNAs and of consensus sequences of mammalian mitochondrial tRNAs or of phylogenetically related subgroups of tRNAs. Thus, specific features of the 22 tRNA genes and their evolution have been addressed in animal mitochondrial genomes Jameson et al. 2003) , features of mammalian mitochondrial tRNAs have been highlighted (Helm et al. 2000) , differences between pathology-related and polymorphisms in human mitochondrial tRNAs searched (Florentz and Sissler 2001) , and the possibility for predicting pathology-related mutations computed (Kondrashov 2005) .
The outcomes of our initial compilation (Helm et al. 2000) of 679 genes from 31 mammalian mitochondrial genomes lead to 22 consensus sequences (conserved and semi-conserved nucleotides at defined positions) and 22 typical sequences (most frequent nucleotide at each position), posted in a frozen state on an initial Mamit-tRNA Web site. Due to the exponential availability of new mammalian mitochondrial genomes in genome databases, MamittRNA sequence information has now been transformed and transferred into a database and was reshaped and restructured in a dynamic and interactive way. Mamit-tRNA is a database displaying the alignment of >3000 mammalian mitochondrial tRNA gene sequences in 22 subgroups, which have been retrieved from 150 fully sequenced genomes available at GenBank, NCBI. Individual sequences have been carefully verified and erroneous sequences removed. Mamit-tRNA gives access to individual tRNA sequence information as well as to a Web-based compilation project of multiple sequences (organism, order, or superorder) in any combination. The result appears dynamically on cloverleaf-shaped secondary structures either as typical or consensus sequences with Supplemental statistical data for each position within the tRNA. Mamit-tRNA contains now each of the 22 cloverleaf structures of human mitochondrial tRNAs highlighting positions of all pathogenic and polymorphic mutations reported so far in the literature. In addition, Mamit-tRNA contains a straightforward conversion table of nucleotide numbering within the human mitochondrial genome and within conventional tRNA cloverleaves.
DATA COLLECTION
Mammalian mitochondrial genome sequences have been imported from available fully sequenced genomes (GenBank, NCBI) by specifying the accession number or the locus name with ''Lasergene sequence and analysis software'' (DNASTAR) using the EditSeq module. In EditSeq, DNA sequences as well as all associated sequence features and references are displayed and allow for corrections if necessary. The MagAlign module then allows the generation of multiple sequence alignments for all mitochondrial tRNA genes of a given specificity. At this level all sequences become framed and aligned manually in respect to the structural domains of a tRNA (acceptor-stem, D-loop and stem, anticodon loop and stem, variable region, T-loop and stem). This is an absolute requisite to assure all further alignments and is inherent to mammalian mitochondrial tRNA genes. Indeed, opposite to classical tRNAs, D-and T-loops not only vary dramatically in size, but also miss the expected milestone nucleotides. Manual alignments are done according to rules established previously (Helm et al. 2000) . During this manual step, up to 30% of the annotated tRNA genes revealed annotation errors (erroneous annotation of 59 and 39 ends, reverse complement sequence, absence of large terminal domains, or presence of large terminal additional sequences). Most errors have been corrected by individual sequence screening at the level of the flanking sequences in the full-length genome (using EditSeq), new annotation, saving, and new import to the MagAlign alignment project. Those sequences, for which no correct version could be found, were removed from the database. It cannot be excluded that the data set of annotated tRNA sequences still contains internal sequencing errors, which cannot be distinguished from specific evolutionary mutations. Indeed, natural polymorphisms distinguish haplogroups within species (e.g., Ingman and Gyllensten 2006). Further, it should be recalled that the database deals with DNA sequences while mature tRNAs may undergo editing events at the RNA level (e.g., Börner et al. 1996) . The alignment project of one or several sequences is finally saved in a text format (PAU) and implemented to the database by a specifically developed administrator interface. Sequences are further organized according to their amino acid specificity of the tRNA and to the phylogeny of the corresponding organism. The handy full process will be used for a regular (bisemestrial) update of the database.
MAMMALIAN MITOCHONDRIAL tRNA GENE SEQUENCES
More than 3000 linear sequences aligned according to secondary structural domains
The database contains presently 3064 tRNA gene sequences from 150 organisms, which are classified in 22 families according to the amino acid identity. Linear sequences of individual mammals are displayed according to the molecular phylogeny classification (Murphy et al. 2001; Delsuc et al. 2002) , where mammals are divided into Monotremes (Prototheria: Monotremata), Marsupials (Metatheria: Marsupialia), and Placentals (Eutheria: Placentalia). Among Eutherians, four major clades or superorders of placental mammals are identified by phylogenetic analyses of concatenated mitochondrial and nuclear DNA/protein markers. Each clade or order (distinguished by a specific color code) is subdivided into orders/families and further to individual organisms (Fig. 1) . All tRNA sequences have been carefully aligned according to the two-dimensional (2D) structural domains, and complementary base-paired stems are highlighted using a color code, according to the reference 2D structure recalled on the Mamit-tRNA Web site.
Marsupial mitochondrial genomes are missing the gene for tRNA Lys (Janke et al. 1994 ) and have instead a sequence for which no tRNA feature can be found. For other organisms a total of 11 tRNA genes were not annotated on the corresponding mitochondrial genome due to erroneous automatic annotation (Bos indicus tRNA Asp Cloverleaves can be exported as jpeg files by simple screen sliding and used in any drawing program (e.g., Fig. 2 ). As first outcome of the fivefold enriched database (as compared to the initial set of sequences; Helm et al. 2000) , it is possible to gain a refined view on conserved, semiconserved, and typical nucleotides at each position within each of the 22 mammalian tRNAs. In the case of tRNA Asp chosen as example (Fig. 2) , only 7 nucleotides (nt) are strictly conserved within the 136 considered sequences, while 10 nt were conserved when comparing 31 sequences. More generally, the enlarged set of considered molecules confirms all major structural features determined for the smaller set (31 organisms) and does not reveal major new features in terms of size and nucleotide composition of 2D structural domains. The large database offers, however, the new possibility of sequence comparison in subgroups of organisms which presently contain a sufficient number of members for significant results. As example (Fig. 2) , it becomes possible to distinguish specific sequence elements within tRNA
Asp from Marsupials and from Euarchontoglires and further distinguish specific features between two subgroups of the Euarchontoglires order such as Rodentia and Primates. Five positions can be compared within these five compilations: (1) the discriminator base 73 is strictly conserved as A in Marsupials, while it is not conserved in Euarchontoglires; (2) the central anticodon nucleotide 34 is C in Marsupial and T in the other sequences, in agreement with editing events (Börner et al. 1996) ; (3) purine 37 is strictly A in Marsupials and Primates, and A or G in the two other consensus sequences; (4) pair 11-24 in the D-stem is strictly conserved in Marsupials but not in the full group of Euarchontoglires, where it is strictly conserved in Rodentia and not at all in Primates; and (5) base pair 61-53 is strictly conserved in Marsupials but not in Euarchontoglires. Similar distinctions can be made in each of the 22 tRNA families.
HUMAN MITOCHONDRIAL tRNAs AND PATHOLOGIES

Location of mutations on 2D structures of human mitochondrial tRNAs
Human mitochondrial tRNA genes are hot spots for mutations. About 130 mutations have been correlated to diverse pathologies and more than 110 mutations are polymorphisms (harmless point mutations distinguishing individual human sequences). Mamit-tRNA displays each of the 22 human mitochondrial tRNA 2D structures in individual windows, each with the full set of polymorphic and pathology-related mutations described in the literature presently. Each cloverleaf structure is accompanied by a table listing the pathology-related mutations, names of pathologies, and corresponding references.
Conversion table for tRNA nucleotide numbering
Mutations in the human mitochondrial genome are reported and numbered by clinician according to the reference sequence reported by Anderson and colleagues (Anderson et al. 1981) . Best known examples are A3243G in tRNA Leu(UUR) and A8344G in tRNA Lys . This numbering system complicates easy localization of the corresponding positions in tRNA secondary structural domains. A straightforward numbering conversion table is offered within the Web site allowing for an easy application of the international tRNA nucleotide numbering system (Sprinzl and Vassilenko 2005) . The table is split in two parts, each covering a subset of the 22 tRNAs. A first part is dedicated to the only four human tRNAs displaying all expected classical structural features, including those within the D-and T-loops. The corresponding conversion table is precise for each individual nucleotide. A second part is dedicated to the 18 other tRNAs for which nucleotide numbering conversions are given for all domains of the tRNA except D-and T-loops, for which no internal reference nucleotide is present.
CONCLUSION
The database on mammalian mitochondrial tRNA gene sequences is available via http://mamit-tRNA.u-strasbg.fr.
It corresponds to a sound collection of sequences from which errors have been removed and alignments made manually. Due to the large variation in size of two structural domains of mammalian mitochondrial tRNAs, the manual approach guarantees highest possible quality which would escape automatically generated databases and make them not reliable. However, it should be stressed that the possibility of sequencing errors remains, since it is not distinguishable whether deviations from consensus nucleotides at a given position correspond to errors or reveal indeed natural nucleotide changes in some organisms. tRNA secondary structures can be retrieved in jpeg format and used for figure constructions.
The database with its integrated interfaces is expected to become a tool for basic research on structural properties and peculiarities of mammalian mitochondrial tRNAs. It will, for example, allow to distinguish the presence (or absence) of recognition signals for partner macromolecules, to tackle evolutionary considerations in the fields of RNA structures, tRNA aminoacylation identity signals, translation machineries in organelles, evolution of the mitochondrial genome in general, and its coevolution with the nuclear genome. The database is also expected to facilitate advances in the field of tRNA mutations and pathologies. Interestingly the human mitochondrial genomes encodes only for 13 proteins and two rRNAs in addition to the 22 tRNA genes. All 13 proteins are subunits of the respiratory chain complexes (I-IV) and ATP synthase (complex V) (to be complemented by about 70 subunits of nuclear origin) and are thus directly linked to the energy metabolism. More and more pathologies linked to the mitochondrial translation machinery become discovered (Jacobs and Turnbull 2005) , including aminoacyl-tRNA synthetases as major targets (Antonellis et al. 2006; Scheper et al. 2007 ). This is to say the central importance of tRNA genes to mitochondrial activity and the importance of understanding both their diversity and their uniqueness.
